Abstract-In this paper, adaptive control of unmanned marine surface vessel has been investigated in the presence of uncertain dynamics as well as external disturbance. Variable structure technique has been utilized in the control design to make the dynamic response and desired motion tracking as quickly as possible. In practice, usually the desired trajectories are given as step points, such that direct immediate tracking would cause large acceleration and huge control effort, while the latter may be out of the actuators' limitation. Therefore, a reference model approach is employed, such that instead of direct tracking of the desired set point, the control objective becomes to shape the closed-loop dynamics to match a reference model. The reference model is built using optimization technique which tries to minimizes both tracking error and motion acceleration, and subsequently control effort. The smooth tracking is thus guaranteed in an optimal manner.
I. INTRODUCTION
In the last decades, unmanned surface vessels (USVs) have been involved in various civilian and military applications [1] - [3] . The typical applications include harbor surveillance, water resource monitoring, oil and gas industry, science and survey, etc. The need for large-scale persistent ocean environmental monitoring has become particularly relevant after a set of serious natural disasters and environmentally harmful accidents [3] . Such application requires that there are minimum human invention involved and the USV must maneuver on the predefined path with a properly defined speed profile automatically. This type of control is commonly known as the trajectory tracking control .
In the literature, various model-based control approaches have been proposed for the trajectory tracking of the USVs. A modified LQG based feedback control, combined with the model-based feedforward control, was designed for dynamic positioning of vessels in [4] . A nonlinear and adaptive backstepping tracking control for vessels was proposed in [5] . A vectorial observer and backstepping control was proposed for dynamic positioning of vessels without velocity feedback in [6] . These model-based control approaches require that the exact knowledge of the mode parameters and disturbances are known for control control design. As a consequence, these techniques are not robust to the model uncertainties and the time-varying environmental disturbances.
In practical applications, it is difficult to have all the model parameters known for control design. In addition, environmental loads including wave, current, and other hydrodynamic forces and moments are time-varying hydrodynamic disturbances acting on the vessels. Some control approaches have been proposed to overcome these challenges. Combined with the variable structure systems (VSS) theory, a selftuning fuzzy logic based control method was proposed for the USV in [4] . The controller is proved to be robust to modeling imprecision and external disturbances as long as the upper bounds of the plant uncertainties are known. A neural network based controlled is proposed in [7] , whereas the ship dynamics is first learned by the neural network and then a controller with fixed neural weight is tested. This method has been further developed with output feedback control in [8] . A robust sliding mode trajectory tracking controller for USVs with experimental results was presented in [9] , where the control approach is based on the nonlinear dynamic model of the vessel previously identified. A slidingmode control law was presented and experimentally implemented for trajectory tracking of underactuated USV in [10] , where the control law is designed by introducing a first-order sliding surface in terms of surge tracking errors and a secondorder surface in terms of lateral motion tracking errors. The position tracking performance is guaranteed while the rotational motion remains bounded. Feedforward approximator based nonlinear control was proposed in [11] , where the control performance comparison with the conventional PID algorithm was also presented. For the overactuated USVs, a comprehensive framework for tracking control and thrust allocation was presented in [12] . Based on the combination of backstepping technique and the fuzzy approximation, an adaptive control was proposed for the trajectory tracking of the USV in [13] , where the method is extended to the output feedback case by using the high-gain observer.
In this work, we consider that in practice usually the desired trajectories are given as set points, such that direct immediate tracking would cause large acceleration and subsequently huge control effort. Considering actuator saturation and limitation, we need to avoid extra control effort and thus we need to reduce unnecessary motion acceleration. To address this point, we propose a reference model approach. Instead of direct tracking the desired trajectories, we rather shape the controlled closed-loop dynamics to match a reference model, which is built using optimization technique which minimize both tracking error and motion acceleration. Under this control strategy, the smooth tracking is thus guaranteed in an optimal manner without causing unnecessary control effort. The proposed adaptive control guarantees the boundedness of all the closed-loop signals and furthermore, the effect of model uncertainties as well as unknown external disturbance can be completely compensated in the closedloop system such that the objective to match the reference model can be perfectly achieved. The remainder of the paper is organized as follows. In Section II, the system description and problem formulation are presented. The optimized reference model is developed in Section III, and the details of the proposed control design and the rigorous stability proof are given in Section IV. Finally, the paper is concluded with summary of this work in Section V.
II. OCEAN VESSEL DYNAMICS

A. System description
In this paper, a surface vessel of three degree of freedom (DOF) is considered, which is subject to both model uncertainties and external disturbances. Following the work in [7] , [14] , we present the vessel dynamics as followṡ
In the equation above, η = [x, y, ψ] T ∈ R 3 is the position/pose vector including linear displacement (x, y) and heading angel (ψ) of the vessel in a global fixed inertial frame. While the vessel velocity ν is expressed in its bodyflexed frame, which is a vector defined as ν = [u, v, r] T ∈ R 3 , including velocities in surge (u), sway (v) and yaw (r), respectively. And an illustration of ν on real vessel is provided in Fig. 1 . The vessel inertia matrix M v ∈ R 3×3 is usually a constant matrix. The matrix C v (ν) ∈ R 3×3 and D v (ν) ∈ R 3×3 are the total Coriolis/centripetal acceleration matrix, and the damping matrix, respectively. The vector G v (η) ∈ R 3 represents the gravitational and buoyancy forces and moments, and the vector Δ v (η, ν) ∈ R 3 represents the model and environment uncertainties, which are inevitable due to sensor errors, external disturbances, and modelling inaccuracy. Assumption 1: The amplitude of the model uncertainties Δ v is bounded in the following manner:
for some postiche constants k 1 and k 2 .
The term τ ∈ R 3 is the vector of control inputs, and the rotation matrix J(η) ∈ R 3×3 plays a role as the mapping between velocities in global frame and velocities in body frame, which is given as below:
The vessel inertia matrix M v is positive definite, i.e., M = M T ≥ 0. The coefficients in the matrix C(ν), D(ν) and vector G v (η) are given as below:
where
, and Δ 3 (η, v) are unknown functions.
The control objective of this paper is to design control input τ to make sure that the vessel position vector η = [x, y, ψ]
T track the desired position trajectories
T . Though the desired path are usually given as a number of set points by the designer, a more general time varying function η d is used here.
B. System transformation
According to the specific form of the rotation matrix given in (16), we see that J −1 = J T . Then, from (1), we havė v =J Tη + J Tη . Substituting this equality into (2), we have
Multiplying rotation matrix J on both sides of the equation above, we have
In the followings, the control design objective will becomes to synthesize a suitable f to achieve the objective of model matching. We can then easily obtain actual vessel actuator torque τ by using equality τ = J T f . As we know, the vessel inertia matrix M v is a symmetric and positive definite constant matrix [8] , [14] . It is easy to verify from (9) to (13) that the following property holds Property 1: The matrix M = JM J T is a symmetric and positive definite constant matrix.
From (4) we see that the Coriolis and centripetal matrix C v is a skew-symmetric matrix. Thus, we could easily verify the following property hold for C defined in (10) Property 2: The matrixṀ −2C is also a skew-symmetric matrix, i.e., x T Ṁ − 2C x = 0, ∀x ∈ R n . According to Assumption 1, we have the third property as below:
Property 3: [14] , [15] There exist some unknown positive
III. DEVELOPMENT OF OPTIMAL REFERENCE MODEL
In practise, the desired trajectories for the surface vessel usually degrade to a number of set points. Consider the case when a certain set point is far away from the vessel initial states. Direct tracking control design may lead to large control effort and thus large acceleration due to significant tracking error initially. The too large control signal may cause the actuator's incapacity to achieve the specified forces or torques. In order to suppress the large acceleration, in this section, we aim to develop a reference model which is optimized in the sense that both tracking error and motion acceleration are minimized. When the controlled closedloop dynamics of the vessel matches the dynamics of the designed reference model, ideal smooth motion tracking will be realized.
A. Finite Time Linear Quadratic Regulator
For a linear system with completely sterilizable pair (A, B) [16] 
where m ≤ n. Consider the following performance index aiming to minimize the difference between actual output y and desired output y d
It is easy to show that performance index J can be rewritten as
The optimal control input u * (t), t > 0, that minimizes the above performance index (18) is given by
where P is the solution of the following differential Riccati Equation
with terminal condition
and s is the solution of
and the minimized performance index is
where c(t) is decided by the following differential equatioṅ
B. Optimal model parameters
In this section, we aim to construct a reference model, which is to be optimized by minimizing both motion acceleration and reference tracking error. Thereafter, the designed controller will shape the closed-loop vessel dynamics to match the constructed reference model such that vessel dynamic response will follow the optimized motion. Denote the desired position and velocity as η d andη d , respectively. Let us consider a second order reference model as follow:
where F η can be regarded as an artificial force that which drives η to follow η d . Next, we will chose optimal mass matrix M d , damping matrix C d and stiffness matrix K d by minimizing a properly defined performance index. To guarantee smooth motion, let us consider to reduce unnecessary angular accelerations, while at the same time to ensure motion tracking performance. The parameters in the matrix M d , C d and K d should be suitably chosen in order to make sure motion tracking and to shape transient acceleration profile as well. Due to the limitation of actuator capacity, too much effort should be avoided during the transient. Consequently, huge acceleration should also be avoided.
For this purpose, let us consider the following performance index:
which minimizes both the motion tracking error
and the motion accelerationsη. The desired inertia matrix M d is to be set by the designer by his/her experience, and typically it can be chosen as a diagonal matrix, e.g.,
, with m 1 , m 2 , and m 3 the desired apparent inertial value along x-direction, y-direction and for the heading angular motion. The Q matrix is a weighting matrix that penalize on the tracking errors, both of position and of velocity. When the desired position trajectory is just a set point, this Q matrix would tend to reduce extra speed. Typically, the Q matrix can be chosen also as a diagonal matrix as Q = diag(q 1 , q 2 , q 3 , q v1 , q v2 , q v3 ), with q 1 , q 2 , q 3 as the weighting factors again position error along xdirection, y-direction and angular heading motion, and q v1 , q v2 , q v3 are the weighting factors for velocity errors.
Following the procedure we developed in [17] [18], now let us minimize the performance index I P by suitably choosing C d , K d and F η . In order to apply the LQR optimization technique detailed in Section III-A, we rewrite the reference model (28) asη
(32)
) Noting that in the above equation u is defined as u =η, we can then rewrite the performance index (29) as
Let us regard u as the control input to system (31), then the minimization of (34) subject to dynamics constraint (31) becomes the standard LQR control design problem. According to the LQR optimal control technique reviewed in Section III-A, the solution of u that minimizes (34) is
where P is the solution of the following differential equation
and s is the solution of the following differential equation
Comparing equations (33) and (35), we can see that the matrices K d and C d can be calculated in the following manner:
From the above procedure, we see that to obtain a reference model with a minimized performance index defined in (29), we first need to specify the value of Q matrix and M d matrix; then we can calculate K d and C d according to (36), (37) and (38).
IV. ADAPTIVE MODEL REFERENCE CONTROL DESIGN
A. Model Matching Errors
By using e = η − η d , the reference model (28) can be rewritten as
Next, we intend to seek a proper control input f in (13) , such that the controlled dynamics (2) match the desired reference model dynamics (39). In order to measure the difference between the controlled dynamics of (8) and the reference model dynamics (39), we introduce the following matching error defined as [17] 
such that if the following condition holds w(t) = 0 3×1 , t > t f
then the dynamics (8) will exactly match the desired reference model dynamics (39). For the convenience of the following analysis, we define an augmented matching error as w = K η w =ë + C mė + K m e + K η σ
The virtual mass matrix M d should always be chosen as positive definite such that it is invertible andw in (43) is well defined.
Consider that acceleration measurement is usually not available, so does the signalω. Therefore, let us design a filtered matching error z by using Laplace operator "s" as below:
where ε is defined as below
For convenience of following computation, we rearrange z:
where h and l are defined as below
